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Multiferroic materials displaying coupled ferroelectric and ferromagnetic order parameters could
provide a means for data storage whereby bits could be written electrically and read magnetically, or
vice versa. Thin films of Aurivillius phase BisTi2.sFe152Mno.ssO1s, previously prepared by a chemical
solution deposition (CSD) technique, are multiferroics demonstrating magnetoelectric coupling at
room temperature. Here we demonstrate the growth of a similar composition,
BisTi299Fe146Mnos5018, Vvia the liquid injection chemical vapor deposition technique. High
resolution magnetic measurements reveal a considerably higher in-plane ferromagnetic signature
than CSD grown films (Ms = 24.25 emu/g (215 emu/cm?), Mg = 9.916 emu/g (81.5 emu/cm®), Hc =
170 Oe). A statistical analysis of the results from a thorough microstructural examination of the
samples, allows us to conclude that the ferromagnetic signature can be attributed to the Aurivillius

phase, with a confidence level of 99.95 %. In addition, we report the direct piezoresponse force
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microscopy (PFM) visualization of ferroelectric switching while going through a full in-plane
magnetic field cycle, where increased volumes (8.6 to 14 % compared with 4 to 7 % for the CSD-
grown films) of the film engage in magnetoelectric coupling and demonstrate both irreversible and

reversible magnetoelectric domain switching.

Introduction

Multiferroic materials which exhibit more than one mutually-coupled ferroic (e.g. ferroelectric (FE)
| ferromagnetic (FM) / ferroelastic) order parameter (OP) in a single phase, provide additional
degrees of OP freedom that can be exploited in novel multistate memory and sensing devices.
Magnetoelectricity (the generation of a change in magnetization by an applied electric field or vice
versa), on the other hand, is a related phenomenon that will arise in any material that is both
electrically and magnetically polarizable and possesses an appropriate magnetic symmetry,
regardless of whether it is multiferroic or not. For example, the magnetoelectric Cr.0Oz is an
antiferromagnetic dielectric and is neither FE nor FM!. The unique advantage of single phase
magnetoelectric multiferroics is that not only could they find application in high storage density, low-
power memory devices that can be electrically written and magnetically read, but also memory
technologies with 4-state logic might be achieved by constructing devices that exploit the presence
of both ferroelectric and ferromagnetic states? - representing a clear improvement over current 2-
state logic devices. However, there are relatively few?® materials demonstrating ferroelectric and
ferromagnetic properties in a single-phase at room temperature. Due to conflicting electronic
structure requirements for ferroelectricity (empty d orbitals) and ferromagnetism (partially filled d
orbitals), the two properties tend to be mutually exclusive®. Examples of multiferroic materials which

arise from lone-pair effects are the extensively studied® ’ room temperature ferroelectric (T 110



K)/antiferromagnetic (Tn 643 K) BiFeOsz and doped derivatives'® 1! (which also display a weak
canted ferromagnetic moment) and BiMnOs, which is a low temperature ferromagnetic oxide (T¢ =
~105 K) reported to be ferroelectric (T¢ = ~450 K) 1214, With improved materials design however,
other structures showing multiferroic properties at ambient temperatures are now starting to emerge.
For example, (BiTio.1FeosMgo.103)oss(CaTiOz)o.15 is an example of a material system at a
morphotropic phase boundary where ferroelectricity is enhanced and the magnetic ion concentration
is above the percolation threshold for long-range magnetic order®. Another flexible layered system,
[Pb(Zro53Tio.47)O3]o.6-[Pb(FeosTaos)Os]o.s (PZT-PFT), exhibits bilinear magnetoelectric coupling in
lamellae of the ceramic at room temperature (~1 x 107 sm™)*and magnetic fields of +3T can induce

switching of ferroelectric domains that is comparable to that produced by electric fields (+25 V)®.

By manipulating a family of layer-structured materials to accommodate both ferroelectric and
ferromagnetic cations within the same structure, we previously synthesized Aurivillius phase
BisTizsFe152MnoesO1s by a chemical solution deposition (CSD) technique®. This material is a
multiferroic thin film material that demonstrates a ferromagnetic signature (Ms = 0.74 emu/g, Hc =
7 Oe) and magnetoelectric coupling at room temperature. However, only 4 to 7 % of the films
prepared by this CSD process engaged in magnetoelectric coupling. Furthermore, the relatively low
remanent magnetization (Mg) value observed (Mr = 0.022 emu/qg) restricts the use of these samples

in potential memory device applications.

In this work, we demonstrate that thin films of BigTi299Fe1.46Mnos5018 (B6TFMO), grown
by the industrially-compatible liquid injection chemical vapor deposition (LI-CVD) technique®,
produce a significantly stronger ferromagnetic signal (Ms of 24.25 emu/g) and increased volumes
(8.6-14%) of the films engage in magnetoelectric coupling. Detailed microstructural analysis,

coupled with a statistical analysis, allows us to conclude that the ferromagnetic signature does not



originate from minor magnetic impurity phases, with a confidence level of 99.95 %. In addition, we
report the direct piezoresponse force microscopy (PFM) visualization of ferroelectric switching
under the influence of a full in-plane magnetic field cycle and describe the effect of magnetic field
on local ferroelectric hysteresis loops. Notably, both irreversible and reversible switching of
ferroelectric domains by a magnetic field is observed. This work indicates the potential for B6TFMO

thin films in future memory, sensing and actuating devices.
Experimental Procedure

Aurivillius phase BigTi299F€146Mnos5018 (B6TFMO; m (the number of perovskite layers per half
unit cell) = 5) thin films were grown via a liquid injection chemical vapor deposition (LI-CVD)
technique® using the horizontal flow Aixtron AIX200/FE AVD (atomic vapor deposition) reactor
equipped with an electronically controlled (nl/ms) liquid injection delivery system. Commercially
available (SAFC-Hitech) liquid organometallic precursors Bi(thd)s (thd= 2,2,6,6-tetramethyl-3,5-
heptanedionate), Fe(thd)s, and Ti(O-iPr).(thd)2 (O-iPr= iso-propoxide) dissolved in toluene were
used for deposition at concentrations of 0.1 M. Mn(thd)z precursor solutions at a concentration of
0.025 M were prepared by dissolving Mn(thd)s (STREM Chemicals) in toluene under nitrogen in a
glove box. These low vapor pressure precursors were injected into the Trijet VVaporizer of the LI-
CVD system in and transferred onto 2" C-M plane (0001) oriented, 430 um thick, single side polished
sapphire substrates placed on a suscceptor rotated under a nitrogen flow at 60 rpm (to improve
uniformity of deposition). 1:3 ratios of pure oxygen and nitrogen were used as oxidizing and
precursor carrier gas (to the reaction chamber) for processing. The O flow and processing deposition
pressure were kept at 600 sccm (standard cubic centimeters per minute) and 10 mbar. The precursor
volume ratios were kept at 7.5: 3: 1.5: 2 for Bi(thd)s, Ti(O-iPr)2(thd)2, Fe(thd)s and Mn(thd)s

respectively, which were controlled electronically by adjusting the pulse injection frequency and time



for the growth run. The net precursor flow is monitored by liquid flow meters (LFM). The vaporizer
and substrate/reactor temperature were kept at 220 °C and 610 °C, respectively. Bismuth in excess
(25 %) was used to avoid a deficiency of bismuth and to suppress the formation of secondary phases
due to the volatile nature of bismuth at relatively high annealing temperatures (850 °C for this
sample), as is documented in the literature®!’. X-ray diffraction (XRD) profiles were collected using
an X-pert PW3719 MPD diffractometer, equipped with a CuKa source (45KV and 40mA) and nickel
(Ni) filter. The degree of crystallographic c-axis orientation, the Lotgering factor (L) °, was
calculated by comparison of experimental diffracted line intensities with the theoretical values
obtained using the Crystallographica software package!®. Morphology and composition analysis
were conducted using the FEI Helios Nanolab High-resolution scanning electron microscope (HR-
SEM) and scanning transmission electron microscopy (STEM) modes and energy dispersive x-ray
spectroscopy (EDX) equipped with an X-Max 80 detector and AZTec analysis software. A
commercially available atomic force microscope (AFM MFP-3DTM; Asylum Research (AR)) in
non-contact AC mode, equipped with silicon cantilevers (Olympus AC160TS) (Al reflective coating,
70 KHz electrilever resonance frequency and ~300-310 KHz contact resonance frequency), was used
for surface roughness and topographical mapping. High resolution transmission electron microscopy
(HR-TEM JEOL,; 2100 TEM, 200 KV; double tilt holder) in conjunction with selected area electron
diffraction (SAED) were used to perform microstructural analysis. Cross sections of B6TFMO films
were prepared using a FEI Dual Beam Helios NanoLab 600i Focused lon Beam (FIB) (final thinning
at 93 pA, 30 kV, final polish 2 kV, 28 pA). Possible surface charging was prevented by gold coating.
A superconducting quantum interference device (SQUID; Model-MPMS XL5, Quantum Design)
magnetometer under maximum field of 5 T and 350 to 5 K temperature range was used for magnetic
measurements. To ensure that there is no trapped flux both in the superconducting coil of SQUID

and in the sample, a well-designed protocol was followed to demagnetize those®®. The



superconducting coils of the SQUID are normally discharged from high field (5 T) to zero field in
oscillation mode. The amount of trapped flux is typically <10 Oe for such cases. Before starting each
new experiment, the superconducting coil was warmed to room temperature (350 K) which is above
the critical point of the superconducting coil to remove any remanent magnetic field from the coil.
Additionally, prior to any measurement, the sample itself was demagnetized with oscillating field
using a well-designed demagnetizing protocol in order to ensure that there is no trapped flux in the
sample. Local electromechanical measurements and visualization of ferroelectric domain emergence
and switching under a magnetic field was performed by PFM (piezoresponse force microscopy)
imaging equipped with a high voltage amplifier HVA220 (MFP-3D) under a magnetic field using
the VFM2-HV (Asylum Research high voltage variable magnetic field module version 2). This
system allows variable magnetic fields to be applied in-plane to the sample based on the rotation of
a rare earth magnet. PFM images under cycled magnetic fields were collected at a scan angle 90 °
and the magnetic field lines were parallel to the short axis of PFM electrilever (Olympus AC240TM
Electrilevers, Ti/Pt-coated silicon cantilevers (Al reflex coated, 70 kHz resonant frequency, ~320
kHz contact resonance frequency) in the variable magnetic field imaging mode. The influence of the
in-plane magnetic field on local in-plane ferroelectric domains were collected in the single frequency
lateral PFM mode using an electrilever operating at a frequency (20 KHz) lower than the tip
resonance (70 KHz) and tip/sample contact resonance frequency (300 to 310 KHz). Dual AC
resonance switching spectroscopy PFM (DART-SS PFM), using a triangular step wave form of
pulsed DC biases (15 V to 50 V ), AC signal 5.5 V and cycling frequency (0.3 Hz) were used to
generate local vertical piezoelectric hysteresis loops under the influence of the applied magnetic field.
It should be noted that each of the newly used probes was calibrated and the optical lever sensitivity
(InvOLs) of the probe was determined before generating hysteresis/strain loops according to the

MFP-3D procedural manual.



Results

1000 injections of the above-described LI-CVD method produced B6TFMO samples of
approximately 100 nm in thickness with rms roughness of 15 nm. XRD profiles (Fig. 1(a)) are
consistent with an Aurivillius phase structure having 5 perovskite blocks per half unit cell (m = 5)
with lattice parameters a = 5.38 A, b = 5.43 A, ¢ = 50.26 A. The samples are preferentially c-axis
oriented with an Ly, of 0.998. XRD patterns are plotted with the intensities on a logarithmic scale
(logaol) to highlight the minor or low intensity peaks and make them more visible?!. HR-TEM (Fig.
1(b)) confirms the m =5 layered Aurivillius structure, exhibiting some regions without out-of-phase
boundaries (OPBs) (Fig. 1b inset (i)) and other regions with visible steps or OPBs (Fig.1b inset (ii)),
typically seen for layered Aurivillius materials?? 23, Most (94 % approx.) of the perovskite-type layers
were parallel to the sapphire substrate; however some (6 % approx.) were angled perpendicular to it
(as analyzed over the scanned TEM areas). This is not inconsistent with the value of Ly, as the XRD
was conducted in Bragg-Brentano geometry, which only samples crystal planes parallel to the
substrate plane. OPBs frequently nucleate at the film-substrate interface due to a shift between
regions of a crystal that are out-of-plane to the substrate and can propagate through the film. These
regions are of the m = 5 layered B6TFMO structure, consistent with the parent phase. SEM-EDX
measurements over a sample area of 25 x 25 um? up to 1.2 x 1.2 mm?, (analyzed by performing 5

scans on 5 different areas) demonstrate an average film composition of BisTi2.99F€1.46Mng5501s.

Ferromagnetic hysteresis loops, (Fig. 2(a)), were observed for the sample throughout the
temperature range (5 K to 300 K). The film porosity was taken into account for the magnetization
calculations as we observed that an area of 0.16 % of the substrate was not covered by the B6TFMO

film (Fig.2a inset (i)). The saturation magnetization (Ms= 24.25 emu/g or 215 emu/cm?®), coercive



field (Hc = 170 Oe) and remanence magnetization (Mr = 9.916 emu/g or 81.5 emu/cm®) were
calculated from these hysteresis curves at room temperature (300 K). Temperature dependent
remanence magnetization (Mg) and coercivity (Hc) are plotted in Fig.2b where both the Mr and Hc
gradually increase with decreasing temperature. Magnetization of B6TFMO as a function of
temperature (Fig.2b inset (i)) was investigated by field cooled (FC) and zero field-cooled (ZFC)
curves respectively. A relatively low field of 100 Oe was applied for these measurements. From
temperature dependent ZFC-FC measurements, the presence of magnetic phase transitions can be
determined?®. The clear split between the ZFC-FC curves below 350 K (Fig.2b inset (i)) and
saturated hysteresis loops demonstrate the ferromagnetic nature of the material at room temperature
and below, with T greater than 350 K, as otherwise the ZFC-FC lines would normally coincide with
each other above T2 Hence both the field and temperature dependent measurements clearly

demonstrate ferromagnetic behavior for the B6TFMO sample.

Direct local visualization of the magnetic-field-induced switching of ferroelectric domains
via PFM was previously demonstrated for the CSD-grown BisTiz sFe1.52Mno 6sO1s thin films®, where
two distinct types of ferroelectric domain behavior were observed as the magnetic field was changed:
(i) the emergence of in-plane piezoelectric domains and (ii) piezoelectric domain switching. In this
work, we investigated the influence of a full magnetic field step cycle on the ferroelectric domains
(Fig. 3). Ferroelectric domain nucleation and growth and local piezoelectric hysteresis (strain loops)
were visualized using PFM?>2" under in-plane variable magnetic fields (VFM). Aurivillius phase thin
films are preferentially c-axis oriented with most of the grains having their crystallographic a-axis
lying along the lateral plane of the film. The major polarization vector in these materials is along the
in-plane a-axis®. Hence, this may result in larger in-plane ferroelectric polarizations coupling with

the magnetic order parameters, compared to the out-of-plane polarization direction.



Single frequency lateral piezoresponse force microscopy?® (SPFM ~20 KHz) under a variable
magnetic field (0 Oe — +2500 Oe — 0 Oe — - 2500 Oe — 0 Oe) was used to explore local magnetic
field induced in-plane ferroelectric domain switching in the B6TFMO thin films of thickness 100

nm and rms roughness of 15 nm (Fig. 4 and Fig. 5).

Fig. 4(a-b) lateral amplitude and phase images demonstrate natural self-polarized
piezoelectric domains at zero magnetic field (H) at room temperature. On increasing the magnetic
field up to 1000 Oe (the field where nucleation begins) the emergence, nucleation and growth of
magnetic field induced coupled ferroelectric domains were observed, these domains were not visible
in the absence of applied external magnetic field (initial field of 0 Oe), as evident by an increase in
response of the PFM amplitude and a 180 ° change in phase (see the contrast changes in the images,
highlighted by the green circle in Fig.4). The lateral ferroelectric polarization was explored at a scan
angle of 90 °, where motion along this axis is parallel to the magnetic field lines. As the torsional
twist of the cantilever used for PFM scanning is parallel to the external applied VMF lines, the
appearance, formation, and switching of newly formed ferroelectric domains are solely induced by
the external magnetic field and a coupling of the electric and magnetic order parameters within the
B6TFMO grains!*. Domain growth was observed up to +2500 Oe (Fig.4 (e-f)) — this was the maxium
magnetic field that was applied for these experiments. On reversal of the magnetic field direction
back to 0 Oe (Fig. 4 (i-})), it is evident that the piezoelectric domain persists and remains irreversible

when cycled in the negative direction (Fig.4 (m-n)) and on completion of the magnetic field cycle
(Fig.4 (q-r)).

Different types of magnetoelectric switching could be observed in the lateral PFM mode as
demonstrated by regions of the sample circled in green and yellow in Fig. 5. On an increase in

magnetic field from 0 Oe to +1000 Oe, a piezoelectric domain emerges in the region circled yellow



as demonstrated by an increase in piezoresponse (Fig. 5 (c)) and a change in phase contrast from
purple to yellow (Fig. 5 (d)). The magnitude of the piezoresponse and the size of the piezoelectric
domain increases on an increase in magnetic field to +2500 Oe (Fig. 5 (e) and (f)). On reversal of the
magnetic field to +1500 Oe, the magnitude of the piezoresponse (Fig. 5 (g)) and the size of the
piezoelectric domain decreases (Fig. 5 (h)) from that observed at +2500 Oe. On further reversal back
to 0 Oe, the piezoelectric domain disappears, as evident by the region circled in yellow demonstrating
no piezoresponse (Fig. 5 (i)) and a phase switch back to purple (Fig. 5 (j)), illustrating the
reversibility of the magnetoelectric coupling under these conditions. On decreasing the magnetic
field to -1500 Oe, the piezoelectric domain emerges again as demonstrated by an increase in
piezoresponse (Fig. 5 (k)) and a change in phase contrast from purple to yellow (Fig. 5 (1)). The
magnitude of the piezoresponse and the size of the piezoelectric domain increases on an increase in
the strength of the negative magnetic field to -2500 Oe (Fig. 5 (m) and (n)), as was observed for the
positive direction at +2500 Oe. On decrease in the magnetic field strength to -1500 Oe, the magnitude
of the piezoresponse (Fig. 5 (0)) and the size of the piezoelectric domain decreases (Fig. 5 (p)) from
that observed at +2500 Oe. On completion of the magnetic field cycle back to 0 Oe, the domain does
not disappear, as demonstrated by a response in the amplitude image (Fig. 5 (q)) and a yellow phase
contrast (Fig. 5 (r)), therefore, this magnetoelectric switching for this region is not fully reversible.
A higher magnetic field of +2500 Oe is required to generate a piezoresponse (Fig. 5 (e)) and change
in phase contrast (Fig. 5 (f)) for the region circled in green. This piezoelectric domain disappears on
reversal of the magnetic field to +1500 Oe (Fig. 5 (g) and (h)) and is not observed on further decrease
in magnetic field to 0G (Fig. 4 (i) and (j)) and to -1500 Oe (Fig. 5 (k) and (I)). However, the
piezoelectric domain is generated on a decrease in magnetic field to -2500 Oe (Fig. 5 (m) and (n)),
as was observed for the positive direction at +2500 Oe. This piezoelectric domain disappears on

reversal of the magnetic field to -1500 Oe (Fig. 5 (0) and (p)) and is not observed on further decrease



in magnetic field to 0 Oe (Fig. 5 (q) and (r)). Upon the completion of the magnetic field cycle, it is
evident that field dependent reversible magnetoelectric coupling behavior is observed for the region

circled in green.

In order to investigate the influence of the magnetic field on vertical PFM domains, out-of-
plane PFM measurements were performed on the B6TFMO thin films (of thickness 100 nm and rms
roughness of 15 nm) using Dual AC resonance tracking PFM (DART-PFM), which is a mode
designed to that amplify weak electromechanical signals along the vertical direction of B6GTFMO
thin films (by performing measurements at the tip sample contact resonance frequency ~300-310
KHz) while avoiding contributions from topographical crosstalk. The magnetic field induced
ferroelectric polarization reversal behavior along the out-of-plane (vertical direction) is in good
agreement with results obtained for the in-plane measurements. In parallel with the in-plane response,
two different types of magnetoelectric coupled (i) irreversible (Type A) and (ii) reversible (Type B)
switching was observed. The complete magnetic field cycle and magnetically induced amplitude and
phase responses are illustrated in Fig. 6 (a-t), using the magnetic field data points shown in Fig. 3.
Vertical PFM amplitude and phase images in Fig. 6 (a) and (b), respectively demonstrate that the LI-
CVD-grown B6TFMO films are piezoelectric at room temperature at zero magnetic field. On
increasing the magnetic field to 1000 Oe, two new piezoelectric domains emerge that were not
observed at the initial field of 0 Oe, as evident by an increase in the PFM amplitude and a phase
change to purple, highlighted by the green and yellow circles in Fig. 6 (c) and (d). From +1000 Oe
to +2500 Oe, the piezoelectric domains nucleate further, as is demonstrated by an increase in
amplitude and size of the domains (Fig. 6 (e) and (f)). +2500 Oe was the maxium magnetic field that
was applied for these experiments. When the magnetic field is reversed to +1500 Oe, the domain

highlighted by the green circle demonstrates characteristics of Type A magnetoelectric coupling and



does not disappear, whereas the piezoelectric domain circled in yellow disappears, characteristic of
grains that engage in Type B magnetoelectric switching. This grain does not demonstrate any
piezoresponse at 0 Oe, however on further decrease in the negative direction to -1500 Oe, the
piezoelectric domain emerges again and saturates at -2500G, as it did in the positive direction at
+2500 Oe. On the other hand, the piezoelectric domain circled in green remains over the magnetic
field cycle of +2500 Oe — 0 Oe — -2500 Oe. On completion of the magnetic field cycle back to 0
Oe (Fig. 6 (g) to (r)), the piezoresponse of the grain circled in yellow disappears, demonstrating
reversible magnetoelectric switching, whereas the domain circled in green persists, demonstrating
irreversible magnetoelectric switching. Note that AFM height (topography) images were collected
(Appendix Fig. 1) simultaneously to the PFM imaging in Figures 4, 5 and 6 and no structural
changes to the topography could be observed on cycling with the magnetic field.

The influence of the magnetic field on the piezoelectric response in B6TFMO was
demonstrated by locally generating ferroelectric hysteresis loops on Type A and Type B domains
(encircled in green and yellow, respectively in Fig. 6 (a-t)) as shown in Fig. 7. These loops were
generated on removal of an applied DC-bias via DART switching spectroscopy PFM (DART-
SSPFM® 26, No PFM hysteresis loops were performed at + 0 Oe. As is illustrated by the loops in Fig.
7 (a), an increase in piezoresponse was observed on increasing the magnetic field from +1000 Oe to
+2500 Oe for the Type A domain, which correlates with the increase in piezoresponse observed for
the images in Fig. 6 (c) to (). No change in piezoresponse was observed for the loops generated on
reversing the magnetic field to 0 Oe and on decreasing further to -1000 Oe and -2500 Oe, consistent
with the piezoresponse images displayed in Fig. 6 (e) to (m). The PFM hysteresis loops (Fig. 7 (b))
generated for the Type B domain demonstrates an increase in piezoresponse when increasing the

magnetic field from +1000 Oe to +2500 Oe, consistent with what can observed for the region circled



in yellow in image Fig. 6 (c) to (e). As was shown for the PFM images of the region circled in yellow
(Fig. 6 (e) to (m)), the magnitude of the piezoresponse cycles with the magnetic field strength and
direction: a decrease in piezoresponse is demonstrated for the PFM loops when the magnetic field is
reversed to a negative field of -1000 Oe, which increases in magnitude when the strength of the
negative magnetic field is increased to -2500 Oe.

Note that the PFM data describes magnetoelectric switching at the sample surface. It is not
known whether magnetoelectric switching occurs through the thickness of the film also. The
observed average switching regions in the B6TFMO thin films were a small fraction of the sample
volume. The average magnetic field-induced in-plane polarization emergence was 14 % (Fig. 4 and
Fig. 5) and approx. 8.6 % for the out-of-plane vertical measurements (Fig. 6), although it must be
noted that these percentage values are for distinct regions of the sample surface. However, increased
volumes of the B6TFMO films grown by LI-CVD engage in magnetoelectric coupling compared
with the CSD-grown films (4-7 % of the CSD-grown films engage in magnetoelectric coupling?®.
These results of direct magnetic field induced ferroelectric domain nucleation, growth and domain
switching at the nanoscale within a single phase B6TFMO thin film are significant, and provide
strong evidence for magnetoelectric switching behavior by providing direct visualization of magnetic
field-controlled ferroelectric polarization. Hence, ferroelectric and ferromagnetic order parameters

are correlated and coupled within a single phase B6TFMO at room temperature.

To confirm that the observed magnetoelectric multiferroic response was generated by the
parent Aurivillius phase, detailed structural and compositional analysis is required to exclude the
possible contribution of minor secondary phases to the observed ferromagnetic response, and a
confidence level on that exclusion must be established. By performing a thorough microstructural

phase analysis of the BGTFMO sample (refer to Appendix) and using a previously established



statistical model?®, we were able to calculate the upper bound volume fraction of unseen inclusions
that would contribute to the remanent magnetization (Mr) of our B6TFMO sample. The details are
outlined in the Appendix. We conclude that the observed ferromagnetism originates from the main

B6TFMO Awurivillius phase to a confidence level of 99.95 %.
Discussion

The mechanism by which the magnetoelectric coupling and switching occurs in B6TFMO thin films
is not obvious from these experiments. Evans et al. also report two types of magnetoelectric coupling
behavior, bilinear PM (where P is polarization and M is magnetization) coupling and biquadratic
(P?M?) coupling in Pb(Zr, Ti)Os—Pb(Fe, Ta)Os ceramics, where the type of coupling is dependent on
the magnetic field direction?®. By considering highly generalized Landau free energy expressions and
by monitoring the changes in capacitance that occur when a magnetic field is applied in each of three
orthogonal directions, it was demonstrated that magnetocapacitance effects, consistent
with P2M?2 coupling, are strongest when fields are applied in the plane of the single crystal sheet
investigated. Weaker P2M? coupling was apparent when the magnetic field was perpendicular to the
lamella where it was clear that asymmetric PM coupling terms were more dominant. It should be
noted that detailed investigations on the influence of the crystallographic orientation of the BGTFMO
grains with respect to the magnetic field on the nature of the magnetoelectric coupling are the subject

of further work.

For our previously-reported CSD-derived BisTi2gFe15:MnoegO1s thin films, SQUID
magnetometry demonstrated values for Ms = 6.05 emu/cm?®, Mg = 0.18 emu/cm® and Hc = 70 Oe (at
300K)3. In this work, we report a significantly higher magnetic response for the LI-CVD-grown
B6TFMO films at 300K of Ms= 215 emu/cm?® or 24.25 emu/g (35 times higher than the CSD-grown

films), Mg = 81.5 emu/cm® or 9.916 emu/g and Hc= 170 Oe. The magnetic data for the LI-CVD-



grown B6TFMO can be compared to Fe,03 (Mg = 250 emu/cm®and Ms= 450 emu/cm®)*°, commonly
used in MRAM (magnetic random access memory)3!, and could be used in devices with potential
applications in multistate logic and in-plane MRAM technologies.
It should be noted that Mr and Hc are extrinsic properties of the material, and depend on many
physical factors such as roughness (rms roughness = 15 nm), texture, etc. The B6TFMO in this work
prepared by the LI-CVD technique demonstrated structural homogeneity, as demonstrated by the fact
that the majority of the sample is of the m =5 structure, as shown by XRD and TEM. Additionally,
B6TFMO films prepared by LI-CVD are denser (with porosity of 0.16 % compared with 2.44 % for
the CSD-grown films).

Since compositional variation was noted for the previously-grown BisTi2gFe152:MnoesO1s
films®, (the grain composition varied from Ti: Fe: Mn = 3.38: 1.14: 0.48 — 2.18: 2.16: 0.66)),
elemental analysis was performed on individual Aurivillius phase grains of the LI-CVD-grown
B6TFMO sample also to investigate whether there is grain-to-grain variation in magnetic ion content
over the course of the sample. We selected 23 grains from a lamella of the B6TFMO thin film and
performed elemental analysis, by STEM-EDX. EDX spectra across the 23 grains, followed by
normalization of Ti: Fe: Mn ratios, shows a strong correlation between the Ti: Fe: Mn contents in
these grains, with average ratio Ti (2.97): Fe (1.48): Mn (0.55) and composition
BisTiogo7Fe148Mnoss01s  (Fig. 8a), similar to the average composition of the film
(BisTi2.99Fe1.46Mnos55018) determined by SEM-EDX. The range of grain compositions varies from
Ti: Fe: Mn = 2.85: 1.42: 0.45-3.15: 1.58: 0.59, demonstrating negligible compositional variation
(Fig. 8a). Therefore, the observation that only 8.6 to 14 % of the Aurivillius phase grains appear to
engage in magnetoelectric coupling, as observed in the PFM investigations under a magnetic field
(Figures 4, 5 and 6), cannot be explained by compositional variation or increased levels of Fe/Mn in

certain Aurivillius phase grains. This is in contrast to a relaxor ferroelectric perovskite system,



(BiFe0.9C00.103)0.4—(Bi12K12TiOs)o.6 (BFC-BKT), that Henrichs et al.%? describe. This system
exhibits polar nanoregions which possess the ability to form congruent ferroelectric and
ferrimagnetic regions, referred to as multiferroic clusters (MFC) within the perovskite matrix.
Magnetoelectric coupling was observed via PFM and magnetic force microscopy within these MFC
regions which were shown to originate from an increased local concentration of the Bi(Fe,Co)Os3

component.®?

A previously proposed possible origin for the ferromagnetic behavior observed in
Bis Tiz.sFe1.52Mno 68018 CSD-derived thin films based on Goodenough—Kanamori (GEK) rules® 2 for
guantum mechanical superexchange does not explain the increase in magnetization observed for the
LI-CVD-grown films compared with the CSD-derived films. The GEK rule predicts ferromagnetic
exchange when there is coupling between a magnetic cation with a filled orbital and a magnetic
cation with a half-filled orbital. With a decrease in Ti** at the B-site of the perovskite (ABXz3) unit of
the non-stoichiometric B6TFMO structure, to maintain chemical charge balance, it is possible that
Mn exists in two different valance states, Mn** and Mn®*. Mn*" exhibits three un-paired electrons in
its tog orbital and no electrons in the egorbitals in the perovskite coordination geometry, regardless
of whether it is low-spin or high-spin. Hence, superexchange interactions are predicted to be
ferromagnetic if there is an exchange between the electron in the eq orbital of Fe** (d°) and the empty
ey orbital in Mn** (d®) , facilitated by the p-orbital of the oxygen anion within the perovskite unit
cell®*. However, the increased magnetic response observed for the BETFMO films prepared in this
work cannot be attributed to average differences in the Mn*" content of the sample; the average
composition of BETFMO in this work is BisTi299Fe1.46Mno.s5018, meaning that the average nominal
content Mn** is 0.03 % (Fig. 8b), compared with BisT iz sFe152Mno 6sO1s for the previously reported®

CSD-derived samples, which has a nominal Mn** content of 0.6 %. However, the B-site location



and distribution of the Fe/Mn cations over the available sites within the perovskite-type layers within
the Aurivillius phase unit cell may have consequences on the ferromagnetic response of the BETFMO
films and the extent of magnetoelectric coupling observed. Using first-principle calculations,
Birenbaum et al. predicted a slight preference for the Fe** cation to occupy the “inner” sites within
the perovskite-like layers of the m=4 BisFeTizO1s system® and rather strong couplings of the order
of Jww ~ 40-50 meV for Fe** cations in nearest neighbor (NN) positions, characteristic of
antiferromagnetic superexchange interactions. As explained above, NN superexchange interactions
of Fe*" and Mn** in BETFMO would be expected to be ferromagnetic. However, the Fe3* cations can
also distribute in next-nearest-neighbor (NNN) positions at the inner B-sites, and the coupling
between NNN is relatively weak (Jnnn ~ 1-2 meV) and becomes negligible among second-nearest
neighbors. Although we do not presently have information on the B-site locations of the magnetic
cations within the LI-CVD-grown BigTi2.99F€1.46Mno55018 or CSD-grown BisTi2.gFe1.52:Mno.esO18 M
=5 systems, an increase in NN interactions leading to an increase in long-range magnetic order would

give rise to increased magnetization values for the LI-CVD-grown BisTi2.99F€1.46Mno 55018 Sample.

Conclusions

In summary, we have produced m = 5 BigTi2.99F€1.46Mnos5018 (B6TFMO) thin films via an
industrially compatible LI-CVD process that displays optimized structural homogeneity and
decreased porosity compared to the previously reported BisTi2.sFe1.52MnossO1s thin films prepared
by CSD3. We report the first ever direct PFM visualization of the nucleation, growth and switching
of ferroelectric domains under the influence of a full in-plane magnetic field cycle. Interestingly,
two types of magnetoelectric coupling behavior were observed, (i) irreversible switching and (ii)

reversible switching. The origin of the magnetoelectric coupling is not obvious from these



experiments. Crystallite orientation with respect to magnetic field direction may be a factor affecting
the nature of the magnetoelectric coupling in the B6TFMO thin films. It is obvious from the TEM
images (Fig. 1 (b)) and XRD data (Fig. 1 (a)), that the majority of the grains are oriented with their
a-axes parallel to the substrate; however approximately 6 % of the sample has a-axis oriented grains
which are tilted out-of-plane. Application of in-plane magnetic fields to the grains with their
crystallographic a-axis lying in the lateral plane of the film may result in reversible Type B
magnetoelectric switching, whereas it may result in irreversible Type A magnetoelectric switching
for a-axis oriented grains which are tilted out-of-plane, however we can only speculate at this point.
We observed significantly higher in-plane ferromagnetic signatures between 5K to 300K for the LI-
CVD-grown BisTi2.99Fe1.46Mno 55018 Samples as compared with the previous BisTi2.sFe1.52Mnge8018
films grown by CSD3. The magnetic properties from these B6TFMO thin films, such as Ms= 24.25
emu/g (215 emu/cm?), Mr = 9.916 emu/g (81.5 emu/cm®) and Hc = 170 Oe are comparable to Fe3Oy4,
used in MRAM applications®!. We thoroughly scrutinized the BETFMO films for the presence of
trace levels of secondary phase magnetic impurities and conclude that the observed ferromagnetism
originates from the main B6TFMO Aurivillius phase to a confidence level of 99.95 %. As such, we
conclude that B6TFMO thin films can potentially be utilized for industrially compatible in-plane
RAM applications and future high data storage multistate logic memory devices. More interestingly,
demonstration of reversible ferroelectric switching by an external magnetic field is a very important

finding as it allows the application of these films in magnetoelectric sensors and energy harvesters.
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List of Figures

Fig.1 (a) XRD pattern over the scan range 5<20<37.5° illustrating the c-axis oriented (L~0.998)
single phase m = 5 Aurivillius BisTi2.99Fe1.46Mno 55018 phase thin film grown on <001> oriented
sapphire substrate. The asterisks indicate substrate peaks. (b) A representative cross-section HRTEM
image confirming a uniform m =5 layered Aurivillius phase structure. Inset (i) m=5 is representative
of the majority of the sample without out-of-phase boundaries (OPBs) and inset (ii) is illustrative of

regions (6% appx.) with visible OPBs.

Fig.2 (a) Magnetization (M; emu/g) versus magnetic field (H; Oe) for the BisTi>.99Fe1.46Mno 55018

sample. Inset image (i) in (a) displays an SEM image of the sample illustrating the presence of 0.16



% pores (yellow arrows). (b) Magnetic parameters Mr (remanence magnetization) and Hc (coercive
field) versus versus T (K) (temperature) for the BisTi2.99Fe1.46Mnos5018 Sample. Inset image (i) zero

field cooled (ZFC) and field cooled (FC) measurements (Mg versus T (K)).

Fig.3 Representation of the full magnetic field step cycles of the magnetic field applied to the
ferroelectric films. The letters indicate the fields at which the corresponding images were taken in

Figures 4, 5 and 6.

Fig.4 (a - r) Representative images of the effect of a complete magnetic field cycle (0 Oe — +2500
Oe — 0 0e — -2500 Oe— 0 Oe) applied locally to the BisTi.99F€e1.46Mno 55018 thin film sample on
the in-situ in-plane (lateral) piezoresponse force microscopy measurements. (s) topography, (t) scale
key for phase contrast, (u) scale key for sample area, (v) scale key for topography contrast. The
images demonstrate magnetic field induced irreversible (Type A) ferroelectric domain nucleation

(a,b), growth (c,d), saturation (e,f) and irreversible switching under the magnetic field cycle.

Fig.5 (a - r) Representative images of the effect of a complete magnetic field cycle (0 Oe — +2500
Oe — 0 0e — -2500 Oe— 0 Oe) applied locally to the BisTi.99F€e1.46Mno 55018 thin film sample on
the in-situ in-plane (lateral) piezoresponse force microscopy measurements. (s) topography, (t) scale
key for phase contrast, (u) scale key for sample area, (v) scale key for topography contrast. The
images demonstrate magnetic field induced reversible (Type B) ferroelectric domain nucleation
(a,b), growth (c,d), saturation (e,f) and reversible switching under the magnetic field cycle for the

area encircled green and partially reversible switching for the area encircled yellow.



Fig.6 (a - r) Representative images of the effect of a complete magnetic field cycle (0 Oe — +2500
Oe — 0 0e — -2500 Oe— 0 Oe) applied locally to the BisTi.99F€e1.46Mno 55018 thin film sample on
the in-situ out-of-plane (vertical) piezoresponse force microscopy measurements. (s) topography, (t)
scale key for phase contrast, (u) scale key for sample area, (v) scale key for topography contrast. The
images demonstrate magnetic field induced irreversible (encircled green) (Type A) and reversible
(encircled yellow) (Type B) ferroelectric domain nucleation (a,b), growth (c,d), saturation (e,f) under

the magnetic field cycle.

Fig.7. The effect of applied magnetic field on the PFM strain loops generated from the
BisTi2.99Fe1.46Mno 55018 thin film sample. (a) an irreversibly-coupled domain (Type A) shown in
Inset image (i) encircled green and (b) a reversibly-coupled domain (Type B) shown in Inset image

(i) encircled yellow.

Fig.8 (a) Plot of the normalized B-site composition of Fe and Mn vs that for Ti, as determined by
cross-section HR-STEM-EDX from 23 Aurivillius grains within the BisTi2.99F€1.46Mno 55018 Sample.
(b) Plot of the total B-site Mn composition and B-site Mn** composition, calculated to maintain

charge balance, vs the B-site Fe composition.



